1. INTRODUCTION {#sec1}
===============

Genomic duplication was first observed in the 1930s by Calvin Bridges who showed that a phenotype consisting of a reduction in eye size in *Drosophila melanogaster* was due to a duplication of the Bar locus at cytological band X16A \[[@r1]\]. However, at that time technological limitations (and a limited knowledge of the genomic rearrangements mechanisms) made the understanding of this phenomenon difficult. In more recent times, the *BarH1* has been identified as the dosage-sensitive gene associated with the Bar phenotype observed in *Drosophila* \[[@r2]\].

In the last 10-15 years, the rapid development of microarray technologies, including oligonucleotide array Comparative Genomic Hybridization (CGH) and Single Nucleotide Polymorphisms (SNP) genotyping arrays, has led to the possibility of investigating structural variants of limited size \[[@r3]\].

Chromosomal structural variants with gain or loss of genetic sequences of at least 50 bp in size compared to a reference genome are commonly defined as Copy Number Variants (CNVs) contrasting with Single-Nucleotide Variants (SNVs), which affect only one single nucleotide base \[[@r4]\].

CNVs can be rare (\< 1% population) or common (\> 5% population), large (\> 1 Mb) or small (\< 500 bp) and include deletions, when there is a loss of genetic material with respect to the reference, and duplications with gain of a specific sequence that can be inserted contiguously or elsewhere in the genome \[[@r4], [@r5]\]. Other genomic variations that can be regarded as structural variants (possibly associated also with variations in copy number) include isochromosomes, segmental uniparental disomies and ring chromosomes \[[@r5]\]. More complex rearrangements include inversions or translocations flanked by CNVs and chromothripsis, a process characterized by the simultaneous occurrence of various sub-microscopic chromosomal rearrangements, possibly causing in the same individual clustered deletion, translocation and inversion events \[[@r5], [@r6]\].

Normal DNA Sanger sequencing or conventional cytogenetic analysis cannot detect most CNVs, therefore specific techniques are needed to investigate these genomic rearrangements.

Even though several methods have been described to detect CNVs in the human genome, there is still not a single test for accurately genotyping all the CNV types \[[@r6]-[@r8]\].

In the present review, we will describe the most utilized techniques for CNVs detection and will summarize both the clinical and the genetic implications of sub-microscopic structural variants in inherited neuropathies with examples of these defects.

2. GENERATION OF STRUCTURAL VARIANTS AND METHODS FOR CNVS DETECTION {#sec2}
===================================================================

Several mutational mechanisms can lead to the generation of CNVs, including (**a**) recombination errors such As Non-Allelic Homologous Recombination (NAHR); (**b**) errors generated in DNA break repair such as Non-Homologous End Joining (NHEJ); (**c**) errors occurring during DNA replication, such as Serial Replication Slippage (SRS) \[[@r6], [@r7]\]. NAHR is generally mediated by low-copy repeats and can occur in different ways (*e.g.,* on the same chromatid or between homologous chromosomes). NHEJ is a repair mechanism for double-stranded breaks and results in junctions with micro-homology of a few base pairs and/or insertion of other sequences. In SRS the replication machinery slips backwards along the chromosome, resulting in tandem duplication, or slips forward, creating a deletion. This slippage can also create complex rearrangements when repeated, or multiple slippage events occur, creating blocks of deleted or duplicated sequence with intervening single-copy sequence \[[@r7], [@r8]\]. Different techniques can be used to detect human structural variations, with each of these approaches having its own strength and weakness (Table **[1](#T1){ref-type="table"}**).

We hereby summarize the most utilized methods for CNVs detection.

2.1. Micro-array Analysis {#sec2.1}
-------------------------

A robust method of CNVs detection is array-CGH, a molecular cytogenetic method for analyzing CNVs relative to ploidy level in the DNA of a test sample compared to a reference genome using intensity hybridization ratios of two differentially dyed DNAs against the same target oligonucleotides. Different algorithms (*e.g.,* circular binary segmentation, genome alteration detection algorithm) allow to obtain CNVs information from the data generated by the array \[[@r8]-[@r10]\].

Array-CGH generally uses slides arrayed with small segments of DNA; probes can vary in size from large-insert clones (40-200 kb in size), small insert clones (1.5-4.5 kb), cDNA clones (0.5-2 kb), genomic PCR products (100 bp-1.5 kb) and oligonucleotides (25-80 bp) \[[@r9]\].

The level of resolution is determined by considering both probe size and the genomic distance between DNA probes; as a consequence, a microarray with probes selected from regions across the genome that are 5 Mb apart will be unable to detect CNVs of the intervening sequence \[[@r10]\]. However, the ability to detect copy-number changes depends on the signal-to-noise ratio and the probe response characteristics \[[@r9]\]. The main advantage of CGH is the capacity to simultaneously detect sub-microscopic CNVs (*e.g.,* deletions, duplications) of any locus on a genome-wide scale; however, cytogeneticists often prefer to use targeted arrays instead of the whole-genome scan in order to avoid the analysis of the regions of uncertain clinical significance \[[@r10]\]. One of the limitations of array-CGH array is that this technique is able only to detect imbalances between two individual genomes and thus an absolute copy number cannot be provided; additionally, array CGH cannot detect the balanced chromosomal rearrangements (*i.e.,* with no gain nor loss of genetic material) such as reciprocal inversions, translocations and ring chromosomes as these do not affect copy number \[[@r9], [@r10]\].

Several algorithms have been developed in the last decade with the aim of extracting CNVs information also from SNP genotyping data \[[@r11]\]. These algorithms (*e.g.,* PennCNV, Birdsuite) utilize SNP information (*i.e.,* the sum of intensities of the two alleles, the intensity ratio of one allele relative to the other) to assess possible allele copy number variations. Despite resolution and accuracy of array-CGH in calling and detecting CNVs which are better compared to the SNP-array, the latter allow in some cases the detection of balanced structural variants (*e.g.,* inversions, translocations) which affect the linkage disequilibrium pattern and leave a detectable signature \[[@r10], [@r11]\].

2.2. Multiplex Ligation-dependent Probe Amplification {#sec2.2}
-----------------------------------------------------

The Multiplex Ligation-dependent Probe Amplification (MLPA) assay is a useful technique able to detect intragenic CNVs also of very limited size \[[@r3], [@r6]\]. This multiplex PCR assay utilizes up to 40 probes specific for a different DNA sequence (mainly exons of a specific gene of interest) in order to evaluate the presence of CNVs in each DNA sequence. Additionally, MLPA allows identification of mutations present at a low-level mosaicism state, as well as the presence of abnormalities in DNA methylation \[[@r12]\]. Because of the high reliability for identifying and quantitating CNVs in human disease-causing genes MLPA has been increasingly utilized in recent years as a robust and cost-effective technique in genetic laboratories both for diagnostic purposes and for research \[[@r13]\].

A limitation of MLPA is the difficulty to detect balanced genomic rearrangements \[[@r12], [@r13]\]. MLPA assay has been indicated as an effective method in the detection of CNVs in diagnosis of the *PMP22*-related inherited peripheral neuropathies with a cost-effective approach for the genetic diagnosis of some of these diseases \[[@r14]\].

2.3. Real-time Quantitative Polymerase-chain-reaction {#sec2.3}
-----------------------------------------------------

Quantitative PCR (qPCR) is considered a high throughput technique for identifying CNVs \[[@r3], [@r6], [@r15]\]. The cycle number (Ct) is proportional to the amount of starting template so the Ct values of the target gene can be compared to unrelated reference sequences that do not differ in copy content, so generating ΔCt values which are used for CNV calculation \[[@r15]\]. Data analysis is conducted using the comparative Ct method (ΔΔCt) where the Ct values of the gene of interest and the reference gene are compared between a control sample and an unknown, with the equation presented as 2^-\ ΔΔCt^. This strategy has been used before to measure large-scale CNVs for conditions including Crohn's disease, celiac disease and psoriasis \[[@r16]\]. However, the CNVs resulting from this method have been questioned in some cases as it has been shown that a small change in the amplification efficiency could result in a high error in the ΔCt calculations \[[@r15]-[@r17]\].

2.4. Southern Blotting and Pulse-field Gel Electrophoresis {#sec2.4}
----------------------------------------------------------

Southern blotting uses a probe to detect a definite sequence in the genomic DNA that has been digested with a restriction enzyme, separated by gel electrophoresis and then transferred to a membrane \[[@r18]\]. Changes in the intensity of the bands show a gain or loss of the related genomic locus.

The efficacy of SB is greatly improved if used in combination with Pulse-Field Gel Electrophoresis (PFGE), a technique that measures large DNA molecules by applying to a gel matrix an electric field that periodically changes direction \[[@r18], [@r19]\]. The use of SB and PFGE can be extremely useful in analysing complex regions, difficult to be investigated by using other approaches \[[@r19]\].

2.5. Next Generation Sequencing {#sec2.5}
-------------------------------

Current Next Generation Sequencing (NGS) platforms generate billions of bases of accurate nucleotide sequences in short reads using reversible sequencing chemistries, thus rapidly expanding our ability to understand both single nucleotide variations and structural variation in the human genome. The most utilized microarrays (*i.e.,* CGH and SNP arrays) contain hundreds-of-thousands to millions of probes are able to detect CNVs ranging in size from 1 to 10 Kb up to several megabases (Mb) \[[@r6], [@r8]\]. Therefore, many smaller pathogenic (intragenic) variations are known to occur but often remain beyond the detection limit of the clinical genomic microarray. In this context, Next Generation Sequencing (NGS), including Whole Exome Sequencing (WES) and Whole Genome Sequencing (WGS) has led to a dramatic improvement in the identification of structural variations comprising of very small deletions and duplications of \<50 bp (micro InDels) which were often missed by traditional Sanger sequencing as well as by microarray analyses \[[@r4], [@r8]\].

The comparison between whole genome assembly and a high-quality reference genome is currently the most precise strategy for discovering CNVs using NGS data and the detection of these variations mostly relies on the read lengths utilized in the sequencing platform as well as on the accuracy of base calls. The direct, reference-free, assembly of a complete genome of an individual from raw sequence read WGS data is theoretically the best method for CNVs identification \[[@r7], [@r8]\].

The accurate identification of CNVs requires information on copy number, their content and positional information regarding the chromosomal breakpoint where the structural variants arise.

There are four approaches to detect CNVs using NGS data: (**i**) Depth Of Coverage (DOC) that is more suitable for detecting larger structural variants and repetitive regions but does not provide accurate information on the breakpoint site; (**ii**) split-read methods that provide breakpoint information but are able to identify only small CNVs; (**iii**) read pair methods can be used to detect inversions and translocations by using information on the orientation in which the read pairs are mapped to the reference; and (**iv**) assembly-based methods that can be used with efficacy in identifying the breakpoint as well as novel inserted genomic sequences \[[@r7], [@r8], [@r16], [@r20]\]. All four approaches can be utilized for CNV detection in WGS data, whereas the DOC method is the most suitable approach in the case where CNVs have to be extracted from WES data \[[@r8], [@r20]\].

Long tandem repeats are still difficult to be visualized on WGS data using the above methods and the accuracy of identifying such repetitive regions is mostly influenced by the length of the sequence reads; sequencing with a read length (\>5-10 kb) makes possible the identification of repetitive regions (and of complex inversions occurring at SV breakpoints) but such technology currently remains unavailable in most genetic laboratories \[[@r8]\].

3. CNVS IN INHERITED PERIPHERAL NEUROPATHIES {#sec3}
============================================

With the evolution of both microarray and NGS technologies in the last decade, CNVs have been discovered to be responsible for many different human abnormal phenotypes, including neurodevelopmental disorders (*e.g.,* autism, schizophrenia), congenital anomalies (often associated with complex genetic deletion-duplication syndromes) and various neurological disorders affecting both the central and the peripheral nervous system \[[@r3]-[@r6]\].

One of the first genomic disorders discovered to be associated with a variation of copy number in a gene was Charcot-Marie-Tooth (CMT) type 1A, where a heterozygous duplication of the *PMP22* gene has been identified as the cause of the disease in approximately 70% of CMT1 patients \[[@r21]\].

Subsequently, *GJB1* was the second CMT gene, in addition to *PMP22*, for which gene deletions were reported, stressing the importance of CMT as a genomic disorder \[[@r22]\].

Since these discoveries, the presence of sub-microscopic chromosomal rearrangements in different disease-causing genes has been ascertained in a high proportion of individuals affected by inherited neuropathies.

In the present review, we summarize the current knowledge on the role of CNVs in causing inherited peripheral neuropathies.

3.1. Charcot Marie Tooth (CMT) Disease Type 1A {#sec3.1}
----------------------------------------------

CMT disease occurs with an estimated prevalence of 1/2,500 and is variably characterized by progressive degeneration of peripheral nerves resulting in muscle weakness and wasting (predominantly in distal limbs, feet and hands) and sensory loss \[[@r22]\]. Onset varies from childhood to adulthood and clinical severity ranges from mild to severe between affected individuals. The classification of various CMT phenotypes was initially based on peculiar neuropathological and electrophysiological features, with CMT type 1 and CMT type 2 representing demyelinating and axonal neuropathies, respectively \[[@r22], [@r23]\]. Subsequently, the great advances in the understanding of the molecular aetiology underlying different CMT-related inherited peripheral neuropathies led to the discovery of more than 70 causative genes in the last 20 years, making CMT one of the most genetically heterogeneous neurological phenotype, with all the possible monogenic inheritance patterns (*e.g.,* autosomal dominant, X-linked, and autosomal recessive) observed \[[@r21]-[@r23]\].

The CMT type 1A (CMT1A; OMIM \#118220) can be regarded as the most frequent hereditary motor-sensory polyneuropathy. This Autosomal Dominant (AD) disease usually start in late childhood or adolescence manifesting with peroneal muscular atrophy, mild to moderate distal loss of sensation, pes cavus and marked slowing of nerve conduction velocities; the pathological process is characterized by a hypertrophic neuropathy with segmental de-remyelination, loss of large diameter fibres and complex onion bulbs (*i.e.,* Schwann cell cytoplasmic processes surrounding residual fibres) \[[@r22], [@r23]\].

The CMT1A locus on chromosome 17p11.2-p12 was mapped in 1990 and a tandem-duplication of 1.4 megabases (Mb) on chromosome band 17p12 was identified in 1991 as the most recurrent genetic cause of CMT1A, which is known to represent around 70% of demyelinating CMT1 neuropathy cases \[[@r24]-[@r26]\]. A deletion of the same chromosomal region in 17p12 resulted in hereditary neuropathy with liability to pressure palsy (HNPP; OMIM \#162500), a distinct inherited disease of the peripheral nerves (3.3) \[[@r27]\]. The CMT1A duplication and HNPP deletion locus is a 1.4 Mb chromosomal region that was found to be flanked by two 24 kb homologous Low Copy Repeats (LCRs) called the proximal and distal CMT1A-REPs \[[@r28], [@r29]\].

The proximal and distal copies of the CMT1A-REP repeats have 99% sequence identity potentially leading to misalignment of the chromosome 17 homologs during meiosis \[[@r27], [@r28]\].

This unique genomic architecture enhances the risk of recurrent rearrangements (*e.g.,* NAHR) with one recombination pathway leading to the CMT1A tandem duplication and the reciprocal recombination pathway causing the HNPP deletion (Fig. **[1](#F1){ref-type="fig"}**). Thus, both CMT1A and HNPP are due to a gene-dosage mechanism: the CMT1A duplication chromosome has gained a 1.4-Mb segment and harbors an additional copy of the *PMP22* gene; conversely, the HNPP-deleted chromosome has lost a 1.4-Mb segment from chromosome 17, including a copy of the *PMP22* gene \[[@r30], [@r31]\]. Notably, triplications of the 17p12 locus have been also described in some CMT1A patients with a more severe phenotype and other atypically sized (longer/shorter than 1.4-Mb) CNVs have been rarely reported in patients with CMT1A/HNPP \[[@r32], [@r33]\]. In this regard, analyzing the atypical genomic rearrangements using high-density oligonucleotide-based CHG array, researchers showed that non-NAHR recombination mechanisms (*e.g.,* non-homologous end joining, microhomology-mediated break-induced replication) may also occur as additional potential causative mechanisms of the disease in some patients \[[@r34]\]. In addition, also point mutations in *PMP22* can cause CMT1A \[[@r20]\].

3.2. CNVs in Other CMT-related Inherited Neuropathies {#sec3.2}
-----------------------------------------------------

CNVs in non-CMT1A inherited neuropathies have been more rarely reported in the literature.

The X-linked form of CMT disease (CMT1X; OMIM \#302800) represents the second most common form of this genetically heterogeneous group of peripheral nerves diseases, after CMT1A.

The disorder is caused by mutations in the *GJB1* gene, which encode for connexin 32 (CX32) \[[@r35], [@r36]\]. Affected males usually have onset of symptoms in childhood/adolescence with a variable combination of difficulties in walking and running, sensory loss, muscular atrophy and weakness (predominantly distal). Atrophy of the muscles (especially of the intrinsic hand muscles) and loss of sensation can be regarded as more prominent features of CMT1X compared to CMT1A \[[@r22], [@r36]\].

The disorder is considered to be an X-linked dominant trait because it affects also female carriers who usually develop a (late-onset) milder version of the same phenotype. Most of the *GJB1* mutations causative for CMT1X are missense variants, but nonsense mutations and frameshift deletions (that lead to truncated forms of the protein) have been reported.

Genomic rearrangements of *GJB1* have been also described in association with CMT1X, including reports of patients with complete deletion of the *GJB1* gene resulting in a neuropathy with features of concomitant severe demyelination and axonal degeneration \[[@r37], [@r38]\].

In a series of 5 CMTX patients, Gonzaga-Jauregui *et al.* reported three variably sized deletions (spanning from 12 to 48 kb) involving the *GJB1* gene \[[@r39]\]. The gene deletions were initially ascertained by MLPA analysis of the gene and further characterised by array CGH, having the breakpoint junctions refined by PCR and sequencing. Analyses of these breakpoints showed that *GJB1* deletions were produced by different mechanisms, including NAHR and NHEJ \[[@r39]\].

CMT type 1B (CMT1B; OMIM \#118200) is another inherited peripheral neuropathy caused by mutations in the *MPZ* gene which encodes for the myelin protein zero. The MPZ protein is expressed by Schwann cells (comprising approximately 50% of all myelin proteins in the peripheral nerves) and is necessary for both normal myelin function and structure \[[@r22], [@r40]\]. Mutations in *MPZ* appear to either disrupt myelination during development (leading to severe early-onset neuropathies), or to disrupt axo-glial interactions leading to adult-onset peripheral neuropathies \[[@r40]\].

CNVs in *MPZ* have been reported as the molecular cause of CMT1B.

Hoyer *et al.* used MLPA and confirmatory breakpoint-PCR analyses to identify a *MPZ* pathogenic duplication segregating in multiple affected members of a Norwegian family with CMT1B phenotype \[[@r41]\]. Speevak *et al.* described a kindred with early-onset peripheral demyelinating neuropathy and a disruptive *MPZ* duplication that was also assessed functionally by quantitative DNA and cDNA sequencing studies \[[@r42]\]. These analyses revealed a consistent finding of five copies of *MPZ* in affected members, thought to have arisen due to repeated interallelic cross-overs \[[@r41], [@r42]\].

CMT type 4D (CMT4D; OMIM \#601455) is an Autosomal Recessive (AR) peripheral neuropathy firstly described in 14 affected individuals from the Gypsy community of Lom in Bulgaria, in association with homozygous mutations in the *NDRG1* gene \[[@r22]\]. The disorder was lately reported in families from Italy, Slovenia, Germany, Spain, France, and Romania, patients with CMT4D classically present muscle weakness and wasting, tendon areflexia, foot deformities and sensory loss; deafness can also appear, usually in the third decade \[[@r22], [@r43]\].

Okamoto *et al.* firstly reported CNVs in CMT4D describing a Turkish family where a \~6.25 kb region of increased copy number encompassing exons 6-8 of the *NDRG1* gene was identified as the cause of the phenotype \[[@r44]\]. Molecular studies in the family showed segregation of the homozygous duplication in the affected individuals, whereas the heterozygous duplication was present in the unaffected carriers. Functional studies were performed in the family, which included cDNA sequencing of lymphoblastoid cell line RNA from both affected and unaffected individuals, and researchers showed that the duplication in the patients led to a non-sense mutation at codon 223 in the mRNA \[[@r44]\].

3.3. CNVs in Inherited Focal Episodic Neuropathies {#sec3.3}
--------------------------------------------------

Inherited, focal episodic neuropathies are a group of genetic disorders affecting the peripheral nerves characterized by paroxysmal attacks of motor/sensor neuropathy of segmental distribution and with the absence of a complete (or full) recovery between the episodes \[[@r45]\].

The two most important disorders belonging to this group are HNPP and hereditary neuralgic amyotrophy (HNA; OMIM \#162100).

HNPP is an AD episodic focal motor/sensory neuropathy with attacks usually triggered by a minor compression and/or trauma of the affected peripheral nerve. The usual presentation is as an acute mononeuropathy and most sensitive sites include wrist, elbow, knee and shoulder, affecting the median, ulnar, and peroneal nerve and brachial plexus, respectively \[[@r22], [@r46]\]. More rare non-focal presentations (*e.g.,* chronic sensorimotor polyneuropathy) have been also described \[[@r47], [@r48]\]. Neurophysiological investigations in HNPP show focal slowing of nerve conduction velocities at common entrapment sites and diffuse mild slowing of nerve conduction velocities with prolonged distal motor latencies.

A deletion of the chromosomal region in 17p12, the same locus of the CMT1A duplication, is the most frequent genetic cause of the disorder, occurring in more than 80% HNPP patients (3.1) \[[@r49]\].

The HNPP deletion locus is a 1.4 Mb chromosomal region flanked by two LCRs (the proximal and distal CMT1A-REPs) and this unique genomic architecture enhances the risk of NAHR which is responsible for the HNPP deletion (and the CMT1A duplication); analysis of the genomic region nearby the CMT1A-REPs yielded an evolutionary mechanism for the creation of novel genes by DNA rearrangement as causative of the formation of the CMT1A-REPs \[[@r29], [@r48]\].

HNA is an AD disorder characterized by paroxysmal episodes of severe pain, weakness and sensory loss, predominantly affecting peripheral nerves within the brachial plexus distribution \[[@r50]\]. The disease usually begins in the second decade of life and is characterized by attacks of variable duration (lasting from days to weeks or sometimes months); patients may complain between these attacks some residual weakness and sensory disturbances in the affected limbs. Different events (*e.g.,* infections, immunisations, trauma, psychological stress) can trigger the HNA-related symptoms, also suggesting a potential role of immuno-mediated processes in eliciting the disease \[[@r50], [@r51]\].

In 2005, a locus for HNA was mapped to chromosome 17q25 and mutations in the *SEPT9* gene were then identified as the molecular cause of the disease in 6 HNA families \[[@r52]\].

Subsequently, non-recurrent genomic rearrangements in the *SEPT9* gene have been reported to cause HNA also \[[@r53], [@r54]\].

Landsverk *et al.* identified using array CGH a 38 kb intragenic microduplication within the *SEPT9* gene in several HNA kindreds that were known to harbor a common founder haplotype \[[@r53]\]. Collie *et al.* reported six (variably sized) intragenic duplications of the *SEPT9* gene in different kindreds with HNA \[[@r54]\]. Five of these novel duplications were intragenic and resulted in larger transcript and protein products, as the researchers demonstrated by Western blotting studies.

One duplication spanned the entire *SEPT9* gene and did not generate aberrant transcripts and proteins. The breakpoints of all the duplications were unique, containing regions of microhomology sized from 2 to 9 bp, but all the duplicated regions in the six families encompassed a proline rich region of the gene. The majority of the *SEPT9* proline-rich region is encoded by a 645 bp exon in which the two most recurrent missense HNA-linked mutations are located, suggesting a crucial role of this region in the molecular pathogenesis of HNA as previously proposed \[[@r53]-[@r55]\].

3.4. Segmental Uniparental Disomy and Giant Axonal Neuropathy {#sec3.4}
-------------------------------------------------------------

Giant Axonal Neuropathy (GAN; OMIM \#256850) is a rare AR genetic disease affecting both the central and the peripheral nervous system and characterised by the presence of enlarged axons with an accumulation of neurofilaments and progressive axonal loss. Clinically the disorder begins in childhood in most of the cases and presenting symptoms include the variable combination of distal limb weakness, areflexia and gait disturbances \[[@r56]\].

The GAN locus was identified by homozygosity mapping in several consanguineous families at chromosome 16q24.1 and since then more than 40 different compound heterozygous or homozygous mutations (*e.g.,* missense, nonsense, frameshift) have been identified in the *GAN* gene \[[@r56], [@r57]\].

Additionally, CNVs of the gene have been associated with the disease, described in association with segmental uniparental disomies \[[@r6]-[@r8]\].

Uniparental disomy (UPD) is defined as the inheritance of a pair of chromosomes or segments from only one parent, while uniparental isodisomy (UPiD) is the duplication of a single parental allele \[[@r58]\]. UPiD harboring a homozygous mutation can be a genetic cause of autosomal recessive disorders in the case when only one of the two parents carry a pathogenic monoallelic mutation. In recent years, segmental UPiD has been described in patients with GAN \[[@r59]\].

CONCLUSION
==========

CNVs significantly contribute to the molecular aetiology of several inherited neuropathies. Therefore, the integration of techniques such MLPA, microarray analysis and NGS sequencing studies (either panel of genes or WES) is nowadays crucial in the correct molecular assessment of patients with inherited disorders of the peripheral nerves. In the near future, WGS could potentially reduce the number of genomic assays required per patient to reach a diagnosis, analysing with a single test all the Single Nucleotide Variants (SNVs) and the CNVs in the many different genes known to be implicated in the molecular pathogenesis of inherited peripheral neuropathies.
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![**Mechanisms of deletion/duplication at chromosome 17p12.** The proximal and distal copies of the CMT1A-REP repeats have 99% sequence identity potentially leading to misalignment of the chromosome 17 homologs during meiosis \[[@r24], [@r25]\]. This genomic architecture at chromosome 17p12 (with proximal and distal copies of the CMT1A-REP repeats having 99% sequence increasing risk of misalignment of the chromosome during meiosis) can lead to the 1.4-Mb HNPP deletion (1) or the CMT1A tandem duplication (2).](CG-19-412_F1){#F1}

###### 

Laboratory techniques for CNVs detection.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Chromosome banding:** Chromosomes are prepared from dividing cells, stained, and viewed with a microscope. Large deletions, duplications, and translocations are detected if the banding pattern or chromosome structure is altered. However, smaller microdeletions and microduplications are not observed
  **FISH:** The technique consist in fluorescent-labeled DNA probes that hybridize to metaphase or interphase cells to visualize a locus on a chromosome and determine copy number. FISH can determine the location of chromosomal segments identified by microarray, NGS, and WGS
  **qPCR:** This is considered a high throughput technique for identifying CNVs. The cycle number (Ct) is proportional to the amount of starting template so the Ct values of the target gene can be compared to unrelated reference sequences that do not differ in copy content, so generating data which are used for CNVs analysis
  **MLPA:** This method is able to analyze in a single reaction up to 50 DNA sequences and to detect copy number variation of specific genes, including small intragenic rearrangements. It has been utilised in recent years for the detection of CNVs and/or the validation of array-CGH results
  **Microarrays:** Array-CGH detects copy-number differences between abnormal and reference genomes, but lack in the identification of balanced chrosmosomal rearrangements. SNP-array detect changes in copy-number and allelic ratios. Microarray analysis is not the best method to determine CNVs location and SV organization
  **WGS:** Sequencing the whole genome provides the most comprehensive SV analysis. Breakpoints of CNV and copy-neutral SV are detectable by paired-end reads that have discordant mappings to the reference genome. Complex genomic structures identified by WGS may require FISH or chromosome banding to place rearranged segments
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**CGH** = *Comparative Genomic Hybridization*; **CNVs** = *Copy Number Variants*; **FISH** = *Fluorescence In Situ Hybridization*; **qPCR** = *Quantitative PCR*; **SNP** = *Single Nucleotide Polymorphisms*; **SV** = *Structural Variants*; **WGS** = *Whole Genome Sequencing.*
